Introduction
The concept of chemical hormesis has a long history, originating over a century ago from the research of Schulz (1) , who noted that many chemicals were able to stimulate growth and respiration of yeast at low doses but were inhibitory at higher levels. This concept of a generalized low-dose stimulation-high-dose inhibition was gradually supported by similar observations with other chemicals and eventually became known as the Arndt-Schulz law. Although Schulz (1) ushered in the so-called modern concept of hormesis, Paracelsus (2) , writing in the 16th century, likewise noted that various toxic substances may be beneficial in small quantities.
Despite the widespread recognition of apparent hormetic effects, which continued into the early decades of the 20th century, Stebbing (2) argues that the Arndt-Schulz law gradually fell into disuse because it did not provide an adequate explanatory (i.e., mechanism-based) capacity. Nonetheless, over the years a continuing stream of observations has been reported (2) in toxicological publications and the broader biological literature that document low-dose stimulations.
Although there has been long-standing interest in the concept of chemical hormesis few attempts have been made to summarize the extent of its occurrence in biological systems and its potential to generalize with respect to animal models, biological end points, or chemical class. Previous limited summaries have been reported (2) (3) (4) (5) (6) . In addition, Davis and Svendsgaard (7) attempted to assess the statistical likelihood of low-dose stimulation among a random sample of experimental studies published in prominent toxicological journals. The goal of this research was to extend the findings of these previous reports by attempting to evaluate in a comprehensive manner those studies that are believed or alleged to display evidence of chemical hormesis. These findings would then be employed to assess the scientific basis of the hypothesis that hormesis is induced by chemical agents and is a generalized biological phenomenon.
Criteria for Evaluating Hormesis
To conduct this investigation it was necessary to define chemical hormesis and develop a priori criteria to evaluate its possible occurrence in experimental or empirical investigations. The definition derived from Stebbing (2) is low-dose stimulation followed by higher-dose inhibition; the most common form of hormesis follows the widely recognized P-curve ( Figure 1 ).
The use of the P-curve follows principally from the widespread use of growth as a principal end point in hormesis research. However, the term U shaped, as emphasized by Davis and Svendsgaard (8) , would most appropriately be applied when the end point relates to a traditional toxicologically based health end point such as cancer incidence. The criteria applied in the present methodology were the same for the i-curve and U-shaped relationships.
Because hormesis is a scientific hypothesis the question of whether it is beneficial is often contextual. To (Figure 2A-E) . Figure 2A depicts a hypothetical study with a dose range of 10-fold that displays a modest statistically insignificant increase (i.e., stimulation) in response at the lowest dose followed by a more definitive decrease (i.e., inhibition). Using the criteria applied in the present methodology this study would be judged as a) displaying an extremely limited dosage range probably inadequate for assessment of the dynamics of the dose-response continuum, b) inadequately describing the dose-response relationship in the hypothetical hormetic zone, and c) having inadequate statistical power to conclude that the stimulatory effort was treatment related. An initial screen of such an experiment would most likely result in a designation of not highly relevant to assess the hormesis hypothesis. However, the study would be retained for further evaluation within a weight-of-evidence context, based on the observation of the low-dose stimulation. At present this experiment would be most consistent with either a low or not relevant evidence designation of hormesis. Neither categorical placement is convincing. Figure 2B likewise depicts a study with a limited dose range (10-fold) with a limited number of doses. However in contrast to Figure 2A , a more striking stimulatory response is seen at the lowest dose, which is highly statistically significant. However, this study is limited by having only one dose showing a stimulatory response even though the response was impressive. A case can be made for either a low or moderate evidence classification of hormesis. Figure 2C depicts a study with a markedly larger dose range (500-fold) and number of doses (seven), with three doses in the hypothetical hormetic zone (i.e., doses less than the NOEL). However, the magnitude of stimulation is very limited and the observed increases are not statistically significant. This experiment would probably be considered as no or low evidence of hormesis. It would of course be a relevant study because of the wide dosage range, the substantial number of doses, the inclusion of doses below the LOEL, and the observation, although inconclusive, of stimulation at low dose. Figure 2D depicts a study with a very broad dose range (> 1000-fold) and a large number of doses (1 1 Potentially relevant artides not included in the computerized library searches were obtained from extensive cross-referencing of primary sources.
Most recently additional search strategies were employed using BIOSIS, 
Hormesis as a General Biological Phenomenon
Hormetic responses are observed in numerous species from a broad range of taxonomic groups including microbes, plants, and animals (Table 5 ). These responses occur with a large number of chemicals representing a broad range of chemical classes (Table 3) . Although Stebbing (2) focused principally on growth hormesis, the present report indicates that hormetic effects are observed in a broad range of biological end points that involve not only growth but survival, longevity, reproduction, and numerous metabolic and physiological responses (e.g., metallothionein synthesis, DNA synthesis, RNA synthesis, mitosis, oxygen consumption, altered hepatic foci, photosynthesis rate, tissue regeneration, immune response, stress protein synthesis, germination of seeds, etc.). Thus hormesis appears relatively common with respect to species, chemical, and biological end point.
The ability to generalize hormetic responses also extends to the descriptive nature of the dose-response phenomenon Table 5 . Results of initial screen organized by test model. itself. As Stebbing (2) noted earlier, when the data are precise and comprehensive, the points appear to fit a P-curve and have remarkable similarity with respect to the range and amplitude of response. However it should be emphasized that the developmental dynamics of the hormetic dose response over time have not been widely or systematically studied. For example, while Stebbing (2) found that the form of the curve varied during the course of the experiment with hydra, Calabrese and Howe (9) observed a consistent shape of the P-curve over 4 to 6 weeks in plant growth experiments.
Why is Hormesis Infrequently Observed?
If hormesis is believed to be relatively common, questions arise as to why it is not reported more frequently and why the Arndt-Schulz law failed to become established. The infrequent reports of hormesis are most likely attributable to a combination of factors, predominantly the issue of appropriate study design, along with the influence on safety evaluation, which emphasizes the upper end of the doseresponse continuum (i.e., where higher concentrations establish toxic responses that can be used in chemical evaluation and risk assessment). The present conclusions support this assessment; a direct relationship has been shown between the strength of the evidence supporting hormesis and the number of doses, including both overall experimental number of doses and the number of doses in the hormetic zone. Furthermore, because the average range of the hormetic zone is about one order of magnitude this phenomenon is difficult to discern when wide dose intervals (e.g., > 10-fold) are used.
Predictive insight into the number of published articles potentially displaying hormesis may be derived as follows. Assuming 500,000 toxicology studies have been published this century ( (10) . These figures suggest that mammalian toxicologists may have had only limited direct interaction with the concept of hormesis, as only an estimated 900 potentially relevant studies exist. Therefore it is not surprising that toxicologists may view hormesis more as a belief than a phenomenon and that the Arndt-Schulz law (i.e., hormesis) fell into general disuse.
In addition to the low number of hormetic observations reported, Stebbing (2) suggested that the Arndt-Schulz Law fell into disuse because it lacked an explicit mechanism component. However, the concept of adaptation, a potentially important explanatory component for hormesis, has evolved for the most part independent of hormesis. Although numerous studies of adaptation exist, only a limited number address specific mechanisms applicable to chemically induced hormetic dose-response relationships. Nonetheless there are studies that have sought to mechanistically explain specific hormetic dose-response relationships.
Perhaps the most systematically assessed mechanism-based research has been in the area of herbicide-induced stimulatory effects. Hormetic responses have long been recognized by herbicide researchers who have conducted studies assessing not only the molecular basis for the response but also the effect of the plant species and age on the response.
A growing number of mammalian examples also exists where plausible explanatory mechanisms have been put forth to account for specific hormetic dose-response relationships (11) (12) (13) (14) (15) .
The wide range of hormetic effects (e.g., increased growth, fecundity, longevity, and decreased disease incidence) suggests that these changes are fundamental and affect thousands of genes. This implies that hormetic mechanisms are likely to be operational in a very upstream location. Nevertheless investigators often focus on mechanisms more closely related to biological protection. For example, substantial evidence exists in numerous species that specific alterations in patterns of gene expression occur in response to toxicant exposure. Such responses can be sorted into two classes: those resulting in an enhanced metabolic capacity for detoxi- fication (e.g., the cytochrome P450 gene family) and those that offer a more general protection against cellular damage caused by a wide variety of agents (e.g., heat shock or stress proteins).
Proposed Quantitative Evaluation Scheme
A quantitative scheme has been developed to provide a more objective and reproducible methodology for ranking studies with respect to hormetic potential. Criteria have been established and assigned point values based on: the number of experimental doses below the NOEL, experimental determination or estimation of the high NOEL, the statistical significance of the stimulatory response, the magnitude (percentage of control value) of the stimulatory response, and the reproducibility of data by other studies (Tables 6 and 7 ). Evidence of hormesis will be assessed by comparing the summation of point values to point ranges established for six evidence categories: high, moderate-high, moderate, low-moderate, low, and no-low (Table 8) . Results of the application of this methodology and comparison with the current qualitative findings will be published elsewhere (16) .
Summary
A goal of the present research is to create a database of studies demonstrating objective evidence of hormesis. It is hoped that this database, when complete, will enable the scientific community to evaluate more rigorously and efficiently the concept of hormesis with respect to its status as a biological hypothesis, its potential to be generalized, and its impact on environmental and human health.
The findings to date indicate that examples of low-dose stimulation consistent with P-curve characteristics are copious, diverse, independently derived, and reproducible. Yet despite the large number of such observations no long-term systematic effort has been made to uncover explanatory mechanisms, except in limited cases (e.g., herbicidal agents). A more objective and reproducible evaluation methodology for ranking studies with respect to hormetic potential is needed. The development of quantitative criteria based on study design, response, and reproducibility of findings is proposed and will be applied to the current database.
Furthermore, statistical simulations of dose-response relationships given various types of variability in control groups can provide important insight into the establishment of more quantifiable criteria in the evaluation of possible hormetic findings. The area of hormesis and its evaluation as a biological hypothesis has striking similarities to the evolving mathematical area of meta-analysis in epidemiology. In fact the application of metaanalysis techniques to the evaluation of hormetic response data is likely to yield significant advances.
